A high-speed railway project for trains with speeds of 160-180 km/h was recently completed in Malaysia. An array of geosynthetics such as biaxial geogrids, non-woven geotextiles and woven geotextiles were extensively used in the project primarily for separation, filtration and reinforcement purposes. The geosynthetics were particularly used at locations of high embankments underlain by soft clays and loose sands. Ground improvement using geosynthetics in the project primarily included geogrid-reinforced piled embankments with individual pile caps, geogrids at bridge approach transitions, geogrids for ground treatment beneath culverts, geogrids for culverts supported by stone columns, woven geotextiles for cement column works, non-woven geotextiles for excavation works, non-woven geotextiles at the top of the railway subgrade layer, non-woven geotextiles for temporary retaining walls and nonwoven geotextiles for slope protection works. This paper provides a detailed insight into the design and implementation of ground improvement using geogrids and geotextiles in this case study project, with a focus on the geogrid reinforcement design of piled embankments with individual pile caps. The use of geosynthetics in the various railway applications in the project was found to provide safe and cost-effective solutions to the various geotechnical engineering challenges encountered.
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Notations
d 50 sieve diameter with 50% of material passing f fs partial factor for soil unit weight f q partial load factor for external applied loads H height of embankment K a active earth pressure coefficient k g required geotextile permeability (cm/s) k s soil hydraulic conductivity (cm/s) Q p allowable load-carrying capacity of each pile in the pile group s pile spacing T ds tensile load to resist lateral thrust of embankment fill T r maximum tensile force T rp maximum tensile load in reinforcement t g geotextile thickness (mm) w s external surcharge loading ª unit weight of the embankment fills å strain in reinforcement
Introduction
Geosynthetics such as geotextiles and geogrids are extensively used in civil engineering infrastructure projects for separation, filtration, drainage and reinforcement purposes (Koerner, 2005) . Geosynthetics are increasingly being used in ground improvement in railway (Brown et al., 2007; Indraratna et al., 2011; Profillidis, 2000) and road projects (Briancon and Villard, 2008; Hufenus et al., 2006; Rahman et al., 2013) . Geosynthetics are often implemented in these railway and road projects at locations that require ground improvement owing to the presence of soft clays, loose sands and high embankments (Almeida et al., 2007; Arulrajah et al., 2009a) .
The concept and design of using geosynthetic-reinforced embankments over soft soils by means of basal reinforcement has been well researched, with various publications to date (see, for example Li, 1999, 2005) . The approach and design of using geosynthetic-reinforced piled embankments over soft clays and loose sands has also been well documented with various publications to date (Abusharar et al., 2009; Alexiew and Gartung, 1999; BSI, 1995; Han and Collin, 2005; Han and Gabr, 2002; Kempfert et al., 2008; Oh and Shin, 2007) .
High-strength biaxial geogrids, non-woven geotextiles and woven geotextiles were used extensively in a recently completed electrified, high-speed railway project in Malaysia. The geosynthetic applications in this project included geogrid-reinforced piled embankments with individual pile caps, geogrids at bridge approach transitions, geogrids for ground treatment beneath culverts, geogrids for culverts in stone column locations, woven geotextiles for cement column works, non-woven geotextiles for excavation works, non-woven geotextiles at the top of the railway subgrade layer, non-woven geotextiles for temporary retaining walls and non-woven geotextiles for slope protection works. Geogrid-reinforced piled embankments with individual pile caps were particularly and extensively implemented at various locations along the railway line and bridge transitions to ensure the adequate performance of the embankments in terms of settlement and slope stability.
The railway line was located in peninsular Malaysia, with a total length spanning 110 km. The geotechnical design of the project required improvement of the existing foundation to sustain the imposed dead and traffic loads for train speeds of 160-180 km/h. The client's design requirements were a maximum post-construction settlement of 25 mm in 6 months, differential settlement not exceeding 10 mm over a chord spanning 10 m and a minimum degree of consolidation of 90%. The railway embankments in the project had heights ranging from 1 to 12 m. The top of the embankments had a minimum width of 14 . 9 m for embankments less than 10 m high and 24 . 9 m for embankments greater than 10 m high. The side slopes of the embankments had gradients of 1 vertical to 2 horizontal. Berms 3 m wide were provided on either side of any embankments that were greater than 5 m high. The soils encountered in the project site were highly variable mixtures of very soft silts and clays, as well as loose sands, to depths of up to 30 m (Arulrajah et al., 2009a) .
The present paper discusses the use of geosynthetics in ground improvement and other geosynthetics applications in this project. Furthermore, a practical approach to the design of geogridreinforced piled embankments and other geosynthetic systems used in the project is also discussed.
Geogrid-reinforced piled embankments with individual pile caps
Geogrid-reinforced piled embankments with individual pile caps were designed and implemented extensively in the project for use along the railway track and rail bridge approach transitions, in view of the stringent settlement requirements and the limited construction time, for embankments 4-8 m high. The geogrid pile embankment system allows for embankments to be constructed rapidly, eliminates the effect of settlement and stability problems in terms of a piling solution, and provides a load transfer platform in terms of transferring the embankment loads through the piles to the dense underlying formation below (Abusharar et al., 2009; Han and Gabr, 2002) .
Geogrid-reinforced piled embankments with individual pile caps have important advantages compared to a conventional embankment foundation: no consolidation time is required; traffic can start immediately after construction; no import/export of additional embankment soil is required to accelerate consolidation or to compensate for settlement; minimal settlement occurs under traffic; and there are minimal environmental impacts (Abusharar et al., 2009; Almeida et al., 2007; Han and Collin, 2005; Han and Gabr, 2002) . The advantage of using geogrids in combination with piled embankments is that geogrids absorb the stress induced during construction until arching is formed, preventing lateral movement of the soil (Alexiew and Gartung, 1999; Kempfert et al., 2008; Oh and Shin, 2007) . The design of the geogrids involves calculations for the serviceability and ultimate limit states, which incorporate the future anticipated dead and live loads (BSI, 1995; Van Eekelen et al., 2012) . Individual pile caps were designed for usage with the geogrids as a load transfer platform because they were found to be more economical when compared to a continuous slab.
Geogrid-reinforced piled embankments with individual pile caps are supported by three distinct actions: the piles reinforce and stiffen the underlying subsoil; the piles give direct support to the embankment transferred through the arching action between adjacent pile caps; and the geogrids that are laid over the pile caps act as a load transfer platform, which supplies the tension required to provide support and prevent lateral spreading of the embankment (Abdullah et al., 2003; Abusharar et al., 2009; Almeida et al., 2007; BSI, 1995; Han and Collin, 2005; Han and Gabr, 2002; Hewlett and Randolph, 1998; Kempfert et al., 2008; Low et al., 1994; Oh and Shin, 2007) . The principle of the system is based on the fact that, after redistribution of stress in the pointsupported embankment body, a portion of the stresses generated by the dead and live loads is transferred directly to the piles, while the remaining portion is absorbed by the supporting effect of the horizontal geogrid reinforcement (Hewlett and Randolph, 1998; Kempfert et al., 2008; Low et al., 1994) . The pile spacings adopted had to be compatible with the generated geogrid tensile forces and with the efficacies of the pile supports. In the design, geogrids laid over the pile caps will increase the efficacy of the support and prevent lateral spreading of the piles. The most relevant case is for arching above a grid of piles (Hewlett and Randolph, 1998; Kempfert et al., 2008; Low et al., 1994) .
The piles for the project were designed as end bearing piles with a geotechnical allowable capacity of 600 kN. The piling works involved the driving of 250 mm reinforced concrete (RC) square piles with grade 45 concrete at the design spacing to refusal. The pile spacing had to be designed to ensure that the tension forces in the geogrids were not excessive. The spacing of the piles was determined from the design pile capacity and the working and dead loads based on BS 8006 (BSI, 1995) s
where s is pile spacing; Q p is the allowable load-carrying capacity of each pile; f fs is the partial factor for soil unit weight; ª is unit weight of the embankment fill; H is the height of the embankment; f q is the partial load factor for external applied loads; and w s is the external surcharge loading.
The piles were penetrated into the dense stratum present underneath the soft/loose soils. The estimated maximum lengths of the piles varied from 12 m to 36 m. The individual pile cap dimensions were 0 . 8 m 3 0 . 8 m 3 0 . 35 m. A sand blanket was provided just below the pile cap levels to provide a working platform and lateral restraint on the pile during driving. Between the pile caps, the soil layer could also directly bear a small portion of the vertical forces imposed by the embankment, so the whole load did not have to be borne by the bearing effect of the geogrid reinforcement and the arching effect of the embankment.
The biaxial geogrid design was carried out for both the serviceability and ultimate limit states. The required tensile strength of the geogrid was calculated, from which the strength of geogrids and number of layers were determined. A traffic load of 30 kN/m 2 was used in the design calculations for the railway line. The fill material parameters used in the design had a unit weight of 20 kN/m 3 and a friction angle of 308. A maximum allowable strain of 6% was used in the design. The geogrid design for the piled embankments was carried out as per BS 8006 (BSI, 1995) , incorporating the recommended partial factors for load, soil material, reinforcement material, soil/reinforcement interaction and economic ramification. The use of the geogrids assists in the load transfer mechanism of the embankment load to the individual pile caps and to the piles. The advantage of using geogrids is due to the high soil-to-soil interaction through the geogrid apertures, which ensures that the geogrid is well interlocked to the soil. The high-strength geogrids used in the project had a machine-direction strength of up to 400 kN/m and a cross-direction strength of up to 200 kN/m.
The maximum tensile force, T r , to be resisted by the geogrid reinforcement was computed in the directions along the length and width of the embankments (BSI, 1995) .
In the direction along the length of the embankment
where T r is the maximum tensile force, T rp is the maximum tensile load in the reinforcement and å is the strain in the reinforcement.
In the direction across the width of the embankment
where T ds is the tensile load to resist the lateral thrust of the embankment fill, K a is the active earth pressure coefficient, H is the height of the embankment, ª is the unit weight of the embankment fill and w s is the surcharge load on top of the embankment.
Other factors in the geogrid reinforced piling system such as pile group extent, reinforcement bond and overall stability of the geogrid-reinforced piled embankment were also verified in the design.
Based on the design, two layers of high-strength geogrid were used in the geogrid-reinforced piled embankment system along the railway line. The two layers of geogrids were separated by a 300 mm thick crusher run. Figure 1 shows a schematic diagram of geogrid-reinforced piled embankments with individual pile caps as used along the railway line. The summary of the geogridreinforced piled embankment design is presented in Table 1 . From the results, it is apparent that the tension requirement of the geogrids is higher in the ultimate limit state compared to the serviceability limit state, which is as expected. The tension requirements in the geogrids also seem to increase with an increase in the embankment height. However, based on the lack of local geogrids available in the market at the time of installation, only the 400/200 kN/m tensile strength geogrids were used in the project.
For the design of transitions to railway bridges, a transition approach geogrid-reinforced piled embankment was provided to the rigid structure of the railway bridges, whereby the pile lengths were reduced by 1 m for each pile spacing from the integrated bridge abutment slab. Using this approach, the piles near the bridge were long and settled little because they were designed to carry the full weight of the embankment. Further away the piles were shorter and settled more. This geogrid-reinforced piled embankment design solution thus provided a gradual transition from bridge to embankment and ensured that there was no sudden change in settlement profile. This design significantly reduced lateral pressure on the bridge abutment piles and eliminated differential settlement between the adjacent ground and the bridge hard point. Figure 2 shows a schematic diagram of the geogrid-reinforced piled embankments used for the railway bridge approach transitions.
Geotextiles in cement column applications
Cement columns represent a ground improvement method that involves the mechanical mixing of in situ soft and weak soils with a cementitious compound or binder. Ground improvement by means of cement columns allows for the treatment of a wide range of soils, ranging from soft clays to loose sands, by forming stronger reinforcing elements of low compressibility and high shear strength (Arulrajah et al., 2009a) . Cement was used as the binding agent in the project, consisting of standard Portland type, with a minimum unconfined compressive strength of 1 MPa. The design of cement columns was based on the methods proposed by the Swedish Geotechnical Society (1997) and Holm (2003) . The design approach for cement columns installed in this project has been discussed previously by Arulrajah et al. (2009a) .
Cement columns were installed in the project by the dry or wet method of installation. The wet method was preferred in locations located away from residential or urban areas as this method of installation involved water jetting, which required The design of geotextiles reinforcement for the cement column works was similarly based on the BS 8006 (BSI, 1995) . Woven geotextile reinforcement of up to 200 kN/m was used, based on corresponding sliding and load transfer requirements, for the cement column design. Figure 3 shows a schematic diagram of woven geotextiles used in cement column works. The summary of the geotextile-reinforced cement column design is presented in Table 2 .
Geogrids in stone column applications
Vibro-replacement with stone columns is a ground improvement method in which coarse aggregate backfill materials are installed into the soil by special depth vibrators. This results in the composite soil having improved load-bearing capacity. Ground improvement by means of stone columns similarly allows for the treatment of a wide range of soils, ranging from soft clays to loose sands, by forming reinforcement elements of low compressibility and high shear strength (Arulrajah et al., 2009a) . This ground improvement method negates the effect of a 'hard point'. Both the wet and dry methods of installation were used, depending on the location of water sources and residential areas. The design approach for stone columns installed in this project has been discussed by Arulrajah et al. (2009a) .
In locations of ground improvement by stone columns, geogrids Ground Improvement Volume 168 Issue GI1
Geosynthetic applications in high-speed railways: a case study Arulrajah, Abdullah, Bo and Leong were used to resist the punching force at the base of box and pipe culverts and to negate the 'hard points' of culverts installed in stone column areas. The design of stone columns in this project has been described by Arulrajah et al. (2009a) and was based on the methods proposed by Priebe (1995) . Stone columns installed in the project had diameters of 0 . 8 m-1 . 0 m, spacings of 1 . 8 m-2 . 3 m, installation depths of 6 m-30 m and were used in locations with embankments varying from 5 m to 12 m in height.
The ground treatment design for the culverts installed in the stone column areas provide for two layers of high-strength geogrids with crusher run and sand blanket. High-strength biaxial geogrids were used to provide the necessary tension forces to resist the punching force at the base of box and pipe culverts. Furthermore, the use of this geogrid reinforcement system would negate the effects of the culvert 'hard point' and provide a gradual transitional elastic modulus between the rigid point of the culvert and the adjacent ground. The geogrids used for culverts in this project at soft ground locations had machine direction strength of up to 400 kN/m and cross-direction strength of up to 200 kN/m. Figure 4 shows a schematic drawing of geogrids used for culverts in stone column areas.
Geotextiles in railway subgrades and excavation works
Railway subgrades of poor quality can be improved with the use of geotextiles. The purpose of the non-woven geotextile at the top of the railway subgrade layer is primarily as a separator, filter and drainage layer. Geotextiles used in railway subgrade applications also assist in facilitating the laying of the track support structures on the subgrade, as well as increasing the mechanical resistance of the track support structures (Profillidis, 2000) .
The design of the geotextile as filter and drainage layers in railway subgrades and in excavation works was based on a method proposed by Profillidis (2000) .
For non-cohesive soils
For cohesive soils
where k g is the required geotextile hydraulic conductivity (cm/s), t g is the geotextile thickness (mm), k s is the soil hydraulic conductivity (cm/s) and d 50 is the sieve diameter with 50% of the material passing.
Non-woven geotextiles were laid on the top of the subgrade layer just under the sub-ballast layer in this railway project to provide a separation, filtration and drainage layer. The geotextile used in these railway subgrade works was a non-woven geotextile with a Geosynthetic applications in high-speed railways: a case study Arulrajah, Abdullah, Bo and Leong tensile strength of 20 kN/m. Figure 5 shows a schematic drawing of non-woven geotextiles used on the top of the railway subgrade.
Non-woven geotextiles were provided as a separation layer at the base of the excavation works. The non-woven geotextiles were installed at the base of excavations to ensure an effective separation between the cohesive in situ soils and the backfill soils. The non-woven geotextile used for excavation works had a tensile strength of 20 kN/m. Figure 6 shows a schematic drawing of non-woven geotextiles used in excavation works. Figure 7 shows a schematic drawing of geogrids used to reinforce culverts in excavation areas.
Field measurements and monitoring
The client's design requirements specified a maximum postconstruction settlement of 25 mm in 6 months, differential settlement not exceeding 10 mm over a chord spanning 10 m and a minimum degree of consolidation of 90%. Based on this field performance requirement for the entire project site, settlement gauges and settlement markers were the predominant field instrumentation adopted in the project. The settlement gauges were installed at approximately 100 m spacing along the centreline of the embankment, at locations where the treatment option was with geotextiles in cement column or geogrids in stone column applications because these were founded in locations with high embankments overlying thick deposits of soft soils. Figure 8 presents typical field settlement readings at a location where geogrids in stone column applications were implemented. As evident in the figure, settlement is observed at each lift of embankment filling, which occurred for 280 days, with little post-construction settlement observed after this duration. The Asaoka (1978) method has been used previously by various researchers and was the preferred method to back-analyse the field settlement results and to determine the degree of consolidation of the improved ground (Arulrajah et al., 2004 (Arulrajah et al., , 2006 (Arulrajah et al., , 2009b Bo et al., 2007; Chu et al., 2009) . Figure 9 presents a typical Asaoka plot for the same geogrids in stone column locations presented earlier, whereby the degree of consolidation is estimated to be 93 . 7%, which was within the client requirements.
Settlement plates and markers were installed at further spacings at all other locations where settlement was deemed not to be a concern, such as at excavation and geogrid reinforced pile embankments with individual pile cap locations. The piles in these locations were driven to refusal since this was a structural solution to a geotechnical application and, as such, settlement (as per the client's requirement) was not deemed to be a concern. However, despite this, the settlement plates were still installed for quality control purposes.
At some critical embankment locations, inclinometers were installed to monitor the lateral movement of the embankment at positions where cement columns or stone columns with geosynthetics were installed. The inclinometers were used primarily during the construction of embankments to monitor lateral movements. The lateral movements in these geosynthetic locations were less than 15 mm in the direction perpendicular to the embankment alignment and as such there were no construction stability issues detected.
Conclusions
A high-speed railway project for trains with speeds of 160-180 km/h was recently completed in Malaysia. High-strength biaxial geogrids, non-woven geotextiles and woven geotextiles were used extensively in ground improvement works for the project. The geosynthetic applications in this project included geogrid-reinforced piled embankments with individual pile caps, geogrids at bridge approach transitions, geogrids for ground treatment beneath culverts, geogrids for culverts in stone column locations, woven geotextiles for cement column works, nonwoven geotextiles for excavation works and non-woven geotextiles at the top of the railway subgrade layer.
Geogrid-reinforced piled embankments with individual pile caps were implemented as a ground improvement solution at various locations along the railway line and railway bridge transitions to ensure the adequate performance of the embankments in terms of settlement and slope stability, and to allow variation of subgrade stiffness to cater for introduced transitions. The design of the geogrid piled embankment system required pile spacings of 1 . 5-2 . 0 m and placement of two layers of high-strength geogrids. The tension requirements for the geogrids were higher in the ultimate limit state compared to the serviceability limit state. The tension requirements in the geogrids also increased with an increase in the embankment height. High-strength geogrids were also used in the project to provide the necessary tension forces to resist the punching force at the base of box and pipe culverts in soft soil and stone column treated areas.
Woven-geotextile reinforcement was used for the cement column works. Non-woven geotextiles were laid on the top of the subgrade layer just under the sub-ballast layer in this railway project to provide a separation, filtration and drainage layer. Nonwoven geotextiles were provided as a separation layer at the base of the excavation works to ensure an effective separation between the cohesive in situ soils and the backfill soils.
The usage of geosynthetics in the various railway applications in the project was found to provide safe and cost-effective solutions to the various geotechnical engineering challenges encountered. Geosynthetic applications in high-speed railways: a case study Arulrajah, Abdullah, Bo and Leong 
